Abstract. Simulation methods for a rapid cycling and a slow cycling synchrotron have to be different because of physics involved and practical computation time. We will show simulation results in each case. One is a full tracking of a rapid cycling synchrotron with acceleration and errors. That employs a self-consistent space charge model. The other is a tracking of an injection period that lasts about a second in a slow cycling synchrotron. The so-called frozen space charge model is a practical way to simulate such a long-term behavior with space charge effects. We estimate the particle loss rate and discuss the behavior of lost particles.
INTRODUCTION
The J-PARC accelerator complex consists of two different types of synchrotrons [1] . One is a rapid cycling synchrotron (RCS), which accelerates protons with a repetition rate of 25 Hz. The other one is a slow cycling synchrotron, called Main Ring (MR), which has a repetition rate of about 0.3 Hz. Although the space charge tune shift at the injection energy in both machines is about the same, the space charge simulation method of the machines is totally different. In RCS, self-consistency has to be satisfied because the charge distribution is not well-defined especially during injection process. Fortunately, full cycle simulation with self-consistent model now becomes feasible by moderate computation power even though total CPU time can be a few months. On the other hand, simulation of MR is not realistic with selfconsistent model. The injection period lasts about 0.6 s. Simulation for only injection takes almost infinite time. Another way such as a frozen space charge model has to be considered. In fact, there is some justifications of frozen model in MR. That is, in MR, the particle distribution is well defined because of bunch to bucket transfer from RCS to MR. In this paper, we discuss the simulation results of both RCS and MR.
SELF-CONSISTENT TRACKING
Although it takes a few months, it becomes feasible to simulate a whole cycle of RCS in a self-consistent manner [2] . We modeled injection painting, acceleration, multipole errors in a lattice, misalignment of each element, aperture of individual component, image charge in a circular beam pipe. Things not included in the simulation are scattering at charge exchange foil, RF jitter, and impedance in general. We first show the dependence of simulation parameters such as number of macro particles, grid size, and maximum azimuthal modes. Then, we will discuss the simulation results. 
Simulation parameters
As a general rule, the number of macro particles has to be more than 100,000 in 3D simulation. Of course, in each simulation study, we need to check the convergence of results, which should not depend on the number of macro particles. Figure 1 shows survival rate during a whole RCS cycle. In this particular case, 100,000 particles seem to be still not enough although it already takes about months of calculation. With 200,000 or more macro particles, the results converge. In the following simulation, we use 200,000 particles.
Other parameters we need to optimize at the beginning are grid size and maximum mode number. Simpson [2] utilizes mode expansion in azimuthal direction so that the maximum mode number has to be chosen properly. In Fig. 2 , we show that mode of 8 or more is enough. As for grid size, Fig. 3 shows 30 or more slices in the longitudinal direction is enough. We choose 16, and 50, respectively. The number of grid in radial direction is 50. 
Detailed study results
We have looked at beam loss depending on three parameters. One is correlated and anti-correlated injection painting. Another is amplitude of closed orbit distortion (COD). The other is beam current.
Correlated and anti-correlated painting
As Fig. 4 shows, the anti-correlated painting injection has more beam loss. The loss has started even during injection period that lasts about 0.5 ms. Incidentally, we make the amplitude of injection offset the same in both cases so that the sum of horizontal and vertical emittances of single particles can be larger in the correlated one. Nevertheless, the survival the rate becomes more in the correlated one. 
COD and loss
The RCS lattice has sextupoles for chromaticity correction. They are installed at symmetric location so that 3-fold symmetry is preserved. Once COD is introduced, however, lattice functions and phase advances are modulated and consequently non structure driving terms becomes finite. Survival rates depending on the magnitude of COD are shown in Fig.5 . We then look at the phase space density to see if there is any distortion of particle distributions due to different COD. Figure 6 shows horizontal and vertical density at later time of a cycle. In both planes, density profiles are almost identical, especially in the core part. The only difference we can notice is that more tails are developed with larger magnitude of COD. 
Beam current
Finally, Fig. 7 shows the beam current dependence of the survival. The design current of RCS is 200 µA with injection energy of 181 MeV. Since the emittance after painting is 214 π mm-mrad, the incoherent tune shift is about -0.25. If the current is reduced to 2/3, the survival rate is significantly improved. As before, the phase space density is plotted in Fig.  8 . Now, a significant reduction of density at the core part is noticeable in the vertical plane. Only the change in vertical can be attributed to the bare tune of (6.72, 6.35) and equal emittances in both planes. As summary of self-consistent tracking, it is shown that increase of loss due to larger COD is attributed to tail development. No change at the core. There should be higher order effects involved. On the other hand, current limitation may be explained with lower order resonance because the density at the core is changed.
FROZEN SPACE CHARGE TRACKING
A slow cycling machine such as MR in J-PARC takes a few 100 ms only for injection. Self-consistent simulation is out of the question from computation time point of view. On the other hand, the charge distribution is well-defined because it is formed in the preceding RCS and injected with bunch to bucket transfer. That is why the so-called frozen space charge model may work in that particular example. More specifically, we assume that charge distribution is always Gaussian, emittance for space charge field calculation purpose is constant, there is a synchrotron oscillation with finite dp/p, and transverse space charge force depends on longitudinal position.
The main purpose of tracking is to find out the single particle behavior of a particle which is eventually lost. More specifically, we expect to see some indication by looking at the evolution of amplitude and tune of a single particle.
In the frozen model simulation of MR, 38 particles out of 1,000 have been lost during injection period of 0.6 s when the MR model lattice has rms COD of 0 mm. It becomes 40 when the rms COD is 0.2 mm, and 52 when the rms COD is 0.5 mm, shown in Fig. 9 . Coordinate of those particles are recorded until they are lost. In Fig. 10 , transverse coordinates of an example particle are plotted. The model lattice has rms COD of 0.5 mm and upper trace is horizontal and lower trace is vertical amplitude. Horizontal (top) and vertical (bottom) coordinates until a particle is lost. Abscissa is time in seconds and ordinate is coordinate in meters.
There are two things we can see in Fig. 10 . First, the horizontal amplitude increases and gets to the aperture limit. Secondly, there is coupling between horizontal and vertical planes. Although detailed behavior is slightly different, all the lost particles have the same tendency. Figure 11 shows the footprint of lost particles in tune space. At the beginning, the tune is spread out. The spread shrinks when we plot the tune just before loss occurs. It is, however, difficult to say that the loss is due to single resonances such as 2νx-νy=24. The location of the tune spread just before particle loss occurs is the same for lattice with COD and without COD. It is shown in Fig. 12 . As summary of frozen space charge simulation, it is clear that horizontal amplitude increases and hits the collimator aperture. That is what particle loss means. Horizontal increase is always accompanied with vertical decrease. Coupling of two planes is manifest. Secondly, loss is a very slow process, of the order of 10,000 turns. Incidentally, the time scale of horizontal and vertical coupling is also the same order. Thirdly, particle loss occurs with less turns with larger COD in the lattice. However, the transverse tune when a particle loss occurs does not depend on magnitude of COD.
